Computation of friction forces between fingers and object for a given external force is important in grasp planning. Based on the required friction forces, the magnitudes of the grasping forces can be adjusted to avoid slippage of the object between fingers. This article presents a very elegant and effective method for computing the friction forces between the fingertips of a dexterous mechanical hand and the object as a function of the external wrench which can act on the object. Fingertips are modeled such that they are able to exert normal forces and are making point contact with friction with the object. The method in this article utilizes geometric information on the grasp configuration, screw geometry, and bi-orthogonal systems. The method is demonstrated through detailed tutorial solutions of two examples.
Introduction
When grasping objects with a dexterous mechanical end effector, the contact between the fingers of the hand and she object must satisfy a number of conditions (Mason and Kerr and Roth 1986; Li and Sastry 1988; Payandeh and Goldenberg 1988) . These range from force closure to stability conditions such as ensuring that the grasped object does not slip between the fingers.
This article is concerned with the stability condition of the grasp, ensuring that the grasped object does not slip between the fingers when an external wrench is acting on it. Specifically, the article develops a computing method based on the screw geometry for determining the friction forces between the fingertips and the object as a function of an external wrench. This is an important
The International Journal of Robotics Research, Vol. 13, No. 2, April 1994 , pp. 119-126, OO 1994 Massachusetts Institute of Technology. consideration in the planning aspect of the grasp. For example, when it is planned for the grasped object to make contact with its environment, the expected contact force can be used to determine the required friction forces that contribute in counterbalancing the external force and, hence, in the required normal grasping forces. Holzmann and McCarthy (1985) were among the first to consider such a problem using the geometry of screws. However, their method did not take advantage of the fundamental coordinate-free properties of screw systems, which is the approach of this article; instead, it was based on the algebraic approach. Consequently, the results of this article are more intuitive and computationally less restrictive.
The article is organized as follows: Section 2 presents some preliminary definitions and assumptions with regard to the statement of our objective, Section 3 states the main results of this article, Section 4 gives the detailed tutorial solutions of two examples, and Section 5 presents concluding remarks.
Preliminaries
This section presents some definitions and assumptions with regard to the objective of this article and defines the statement of the problem. In the sequel, when the three letters (i, j, k) appear in a formula, it means that (i, j, k) is a circular permutation of ( 1, 2, 3 Let a wrench X with the intensity of 10(lb) be acting on the object about a normalized screw defined by (see Fig. 1 (17) where we can compute from equation (10) Figure 3 . The contact points are given as:pi = (1,0,0), p2 = (-0.5,0.866,0.), and p3 = (-0.5, -0.866, 0. Let the only force that can act on the grasped object be the object's own weight of 10(lb) acting at its center of gravity located at point (o) 
Conclusion
This article outlined a new method for computing the friction forces associated with a three-fingered grasp. Given the geometry of the grasped object, the locations of contact points, and the surface normals, we are able to determine the magnitude of the friction forces as a function of the externally applied force on the object.
Computation of friction forces as function of the external forces plays an important role in grasp planning strategies for determining the magnitude of the grasping forces. This is based on the assumption that at each contact point between the fingers and the object, there exists a direct relationship between friction and the normal force (i.e., Fi = JLN Vi where p is the coefficient of static friction). Hence, by determining Fi, the magnitude of the grasping forces can be obtained.
The method of this article requires the following:
building of the screws S2, Yi, ~i, and qz, which are available from the grasp configuration data; and the computation of some inner products[. 1 .1.
Comparing the method of this article with the method proposed by Holzmann and McCarthy (1985) , the following points are made:
1. The method of this article does not incorporate matrix inversion with the corresponding invertability condition. The necessary and sufficient condition for the solving of the problem is given in Theorem 1. This condition is a clear and simple geometric property rather than an algebraic condition such as invertability of a matrix. 2. The method depends on a fundamental property of the screw system, which is coordinate free. The choice of coordinates remains completely free, and they may be best suited to the geometry of the grasped object to simplify the computation as it is shown in the two examples.
Appendix
In this appendix we explain the algebraic form of the screw theory used in the article. The details are expounded in Chevallier (1991) .
From an abstract standpoint, the screw theory may be thought of as the investigation of the Lie algebra of the displacement group-that is, the algebra of infinitesimal displacement. The helicoidal fields, appearing in the natural way from the velocity fields of the rigid body motion, provide us with a concrete picture of this algebra.
In the following, e denotes the tridimensional affine Euclidean space, and the underlying vector space; to every pair (a, b) 
